The C terminus of mammalian scription factor RAP30 has been found to be a cryptic DNA-binding domain strilngly similar to the C-terminal DNA-binding domain present in conserved region 4 of members of the C7 family of bacterial or factors. This RAP30 doin shares strongest sequence similarity with the DNA-binding domain present in region 4 of Bacilus sublilis sporulation-spedfic a Like the region 4 DNA-b activity ofEscheruchia caln 7C, Finally, our laboratory recently noted that the C terminus of RAP30 shares sequence similarity with the highly conserved DNA-binding domain present in C-terminal region 4 of bacterial a factors (18). This =80 amino acid DNA-binding domain is shared by nearly all od family members and is proposed to interact specifically with the -35 promoter element to initiate formation of the "closed" complex in the first step of binding of E. coli RNA polymerase to its promoter (19) (20) (21) (22) . Multiple sequence alignment of (90 family members revealed that this a-domain consists of two highly conserved regions: an upstream a-helical region designated 4.1, which in some a factors can be modeled as an amphipathic a-helix, and a downstream region designated 4.2, which shares sequence similarity with the helix-turn-helix DNA-binding domain found in homeodomain proteins and in phage 434 Cro repressor. The C terminus of RAP30 (18) was found to exhibit the strongest similarity to C-terminal regions 4.1 and 4.2 of B. subtilis sporulation-specific oK (spoIVBspoIIIC) (23) (24) (25) (26) . This finding, together with results from restriction-site protection (7) and phenanthrolene-copper complex DNA-cleavage inhibition (8) experiments that are consistent with the possibility that TFIIF could stabilize the preinitiation complex by binding directly to DNA between the TATA box and transcriptional start site, motivated us to investigate the possibility that the C terminus ofRAP30 might also be a DNA-binding domain.
ABSTRACT
The C terminus of mammalian scription factor RAP30 has been found to be a cryptic DNA-binding domain strilngly similar to the C-terminal DNA-binding domain present in conserved region 4 of members of the C7 family of bacterial or factors. This RAP30 doin shares strongest sequence similarity with the DNA-binding domain present in region 4 of Bacilus sublilis sporulation-spedfic a Like the region 4 Transcription factor TFIIF (also referred to as factor 5 from Drosophila, fBy from rat, and RAP30/74 or FC from human cells) is a heterodimer composed of =.30 kDa (RAP30) and =70 kDa (RAP74) polypeptides (1) (2) (3) (4) (5) (6) and has been shown to promote selective binding of RNA polymerase II to the promoters of eukaryotic protein-coding genes (7) (8) (9) (10) . Previous studies have established that promoter recognition by RNA polymerase II is a multistage process requiring assembly of a nucleoprotein recognition site for polymerase at the promoter, followed by binding of polymerase at this site (11, 12) . In the first stage, the TATA factor binds stably to the core promoter to form an "Initial complex," which serves as at least part of the recognition site for polymerase on (16) and, more importantly, obtained evidence that TFIIF is capable of binding to both mammalian and E. coli RNA polymerases through this RAP30 region (17) .
Finally, our laboratory recently noted that the C terminus of RAP30 shares sequence similarity with the highly conserved DNA-binding domain present in C-terminal region 4 of bacterial a factors (18) . This =80 amino acid DNA-binding domain is shared by nearly all od family members and is proposed to interact specifically with the -35 promoter element to initiate formation of the "closed" complex in the first step of binding of E. coli RNA polymerase to its promoter (19) (20) (21) (22) . Multiple sequence alignment of (90 family members revealed that this a-domain consists of two highly conserved regions: an upstream a-helical region designated 4.1, which in some a factors can be modeled as an amphipathic a-helix, and a downstream region designated 4.2, which shares sequence similarity with the helix-turn-helix DNA-binding domain found in homeodomain proteins and in phage 434 Cro repressor. The C terminus of RAP30 (18) was found to exhibit the strongest similarity to C-terminal regions 4.1 and 4.2 of B. subtilis sporulation-specific oK (spoIVBspoIIIC) (23) (24) (25) (26) . This finding, together with results from restriction-site protection (7) and phenanthrolene-copper complex DNA-cleavage inhibition (8) experiments that are consistent with the possibility that TFIIF could stabilize the preinitiation complex by binding directly to DNA between the TATA box and transcriptional start site, motivated us to investigate the possibility that the C terminus ofRAP30 might also be a DNA-binding domain.
A distinguishing feature of the DNA-binding activities present in conserved region 4 of bacterial a, factors is that they are masked in the intact proteins (19) (20) (21) (22) 27 (27) .
Like E. coli o70, neither TFIIF nor intact RAP30 exhibits detectable DNA-binding activity (9, 10, 14, 15) . To test the possibility that the RAP30 C terminus is capable of binding DNA, we used a modification of the strategy of Dombroski et al. (27) . Here we describe the results of these experiments, which show that the RAP30 C terminus is a DNA-binding domain with properties similar to those of the C-terminal DNA-binding domain present in conserved region 4 Purification of MBP-RAP30 Fusion Proteins. Fifty-milliliter cultures of E. coli strain XL1-Blue (Stratagene) harboring MBP-RAP30 expression plasmids were grown to an 0D600 of 0.6-1.0 in 2% bactotryptone/0.5% yeast extract/0.05% NaCl/2.5 mM KCI/2.5 mM MgCl2, pH 7.0, at 370C with shaking. After addition of 0.4 mM isopropyl (3-D-thiogalactoside, cultures were incubated an additional 2.5 hr at 370C. Cells were then collected by centrifugation at 2000 x g for 10 min and resuspended in 8 ml of buffer M (20 mM TrisHCl, pH 7.9/200 mM NaCl/0.2 mM EDTA/1 mM dithiothreitol/ 0.5 mM phenylmethylsulfonyl fluoride) containing 0.1 mg of lysozyme per ml. After 30 min on ice, the cells were lysed by freezing and thawing, and the cell extract was clarified by centrifugation at 100,000 x g for 30 min. The supernatant was applied to a 1-ml amylose column ( (27, 30) to ask whether the RAP30 C terminus is capable of binding DNA. A MBP-RAP30 fusion protein designated MRAP-(162-249) (Fig. 1A) , which contains the RAP30 region similar to region 4 of B. subtilis rK, was constructed and purified to >95% homogeneity by amylose affinity and Mono Q chromatography. MRAP-(162-249) was found to bind an oligonucleotide containing the core region of AdMLP in electrophoretic mobility-shift assays (Fig. 1B) (Fig. 3A) and purified (Fig. 3B) . Nearly the entire RAP30 C terminus, including sequences similar to both regions 4.1 and 4.2 ofB. subtilis oK, was required for maximal DNA binding (Fig. 3C and Table 1 Ifthe RAP30 C-terminal DNA-binding domain is important for transcription, deletion of 10 or more amino acids from the C terminus of wild-type RAP30 should dramatically reduce its transcriptional activity. RAP30 mutant RAPA244, which lacks the 5 C-terminal amino acids, was as active in transcription as wild-type RAP30 (Fig. 3D, lanes 1 and 2, and Table 1 ). In contrast, the activity of mutants lacking 10 (RAPA239) or more (RAPA234, RAPA219, and RAPA209) C-terminal amino acids of wild-type RAP30 was severely compromised. Thus, the transcriptional activity of RAP30 C-terminal deletion mutants closely parallels the DNAbinding activity of MBP-RAP30 fusion protein C-terminal deletion mutants.
DISCUSSION
Members of the o9" family of bacterial ar factors compose a homologous family of transcription factors (19) (20) (21) (22) . Multiple sequence alignment of o.70 family members has identified four highly conserved regions. Among these regions, the two most highly conserved are regions 2 and 4, which are believed to be largely responsible for promoter recognition. Besides the core RNA polymerase-binding domain, conserved region 2 of (770 has been shown to contain a DNA-binding domain capable of interacting specifically with the -10 promoter element (27) . Conserved region 4, which is located downstream of region 2 in the C terminus of fO family members, has been shown for oa7 to contain a DNA-binding domain that interacts specifically with the -35 promoter element (27) . In addition, glutathione S-transferase fusion proteins that include regions 2 and 4 of SK, o.32, and E. coli (7F have been shown to bind promoter DNA (30) , consistent with the proposal that regions 2 and 4 of these a factors function similarly to the DNA-binding domains of a70. The DNAbinding activities of a70, oK, and o32 are masked by N-terminal amino acids in the intact factors but are readily detectable when regions 2-4 are expressed as glutathione S-transferase fusion proteins (27, 30) .
RNA polymerase II general transcription factor TFIIF is a heterodimer composed of -30-kDa (RAP30) and -70-kDa Fig. 3 . DNA-binding activity of MBP-RAP30 fusion proteins was assayed by electrophoretic mobility shift assay as described in text with 2 pg of each protein. + + +, Less than 5% of the total Ad2-(-50 to +10) fragment (AdMLP) electrophoresed as free DNA, and >95% of the Ad2-(-50 to +10) fragment was detected in the discrete DNA-protein complex labeled "bound" in Fig. 3C ; +, 50-60%o of the total Ad2-(-50 to +10) fragment electrophoresed as free DNA, and <5% of the Ad2-(-50 to +10) fragment was detected in the discrete DNA-protein complex labeled "bound;" and -, >95% of the Ad2-(-50 to +10) fragment electrophoresed as free DNA. Transcription activity of wild-type RAP30 and its deletion mutants was assayed as described in text with 3 ng of each protein. + + +, More than 95% of RAP30 transcription activity; +, 5-10%o of RAP30 transcription activity; and -, <1% of RAP30 transcription activity. aa, Amino acids.
(RAP74) polypeptides (1-6). On the basis of a variety of evidence indicating (i) that TFIIF promotes interactions ofthe RNA polymerase II transcriptional apparatus with promoter sequences between the TATA box and transcriptional start site (7, 8) and (ii) that the RAP30 C terminus shares statistically significant sequence similarity with the DNA-binding domain present in C-terminal region 4 of members of the o70 family of bacterial o-factors (18), we investigated the possibility that the RAP30 C terminus might be a DNA-binding domain. In this report, we show that, although neither TFIIF nor intact RAP30 exhibits detectable DNA-binding activity (9, 10, 14, 15) , an MBP-fusion protein containig the 88 C-terminal amino acids of RAP30 is capable of binding DNA. Consistent with a role for RAP30 DNA binding in transcription, we observe a close correlation between the transcription and DNA-binding activities of C-terminal deletion mutants of RAP30 and MBP-RAP30 fusion proteins.
Whereas the DNA-binding domains of E. coli a(9 bind preferentially to promoter sequences, the MBP-RAP30 fusion protein appears to bind with comparable affinity to both promoter and nonpromoter sequences. A lack of sequencespecific DNA binding by the RAP30 C terminus is not unexpected in the light of substantial evidence indicating that the TATA factor (TFIID or TBP) is the primary determinant of promoter specificity in assembly of the RNA polymerase II preinitiation complex (11, 12) . Indeed, results of restriction-site protection (7) and phenanthrolene-copper complex DNA-cleavage inhibition (8) experiments suggest that TFIIF promotes formation of protein-DNA contacts in promoter sequences that are located between the TATA box and transcriptional start site and that are not highly conserved among RNA polymerase II promoters. On the basis of these results and the recent findings of Greenblatt and colleagues, who observed that RAP30 in the preinitiation complex can be cross-linked to this region of the AdMLP (32), we believe it is reasonable to propose that TFIIF could function to stabilize binding of the RNA polymerase II transcriptional apparatus to promoters through nonspecific binding of the RAP30 C terminus to promoter sequences between the TATA box and transcriptional start site.
In summary, the C terminus of RAP30 has been found to be a cryptic DNA-binding domain similar to region 4 of bacterial or factors. Taken together with previous results suggesting that RAP30 sequences upstream of this C-terminal DNA-binding domain function as an RNA polymerase IIbinding domain similar to the core RNA polymerase-binding domain in a conserved region 2 (16, 17) , the findings presented here reveal an underlying RAP30 architecture similar to that of o90 family members. The coincidence of these unique DNA-binding domains in RAP30 and bacterial a factors suggests that they may play an evolutionarily conserved role in messenger RNA synthesis.
